Primer-independent initiation of RNA synthesis by SeMV recombinant RNA-dependent RNA polymerase  by Govind, K. & Savithri, H.S.
Virology 401 (2010) 280–292
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roPrimer-independent initiation of RNA synthesis by SeMV recombinant
RNA-dependent RNA polymerase
K. Govind, H.S. Savithri ⁎
Indian Institute of Science, Bangalore 560012, Karnataka, IndiaAbbreviations: (+) sgRNA, positive-sense subgenom
(−) sgRNA, negative-sense subgenomic RNA or anti
3′ terminal 1140 nt of negative-sense genomic RNA or
genomic RNA; RdRp, RNA-dependent RNA polymeras
linked; Trx, thioredoxin; UTR, untranslated region; O
trichloroacetic acid; TBE, tris borate EDTA; SSC, sodium c
coat protein; SeMV, Sesbania mosaic virus.
⁎ Corresponding author. Department of Biochemistr
Bangalore 560012, India. Fax: +91 2360 0814.
E-mail address: bchss@biochem.iisc.ernet.in (H.S. Sa
0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.02.025a b s t r a c ta r t i c l e i n f oArticle history:
Received 22 December 2009
Returned to author for revision
16 January 2010
Accepted 21 February 2010
Available online 23 March 2010
Keywords:
Sobemovirus
Sesbania mosaic virus (SeMV)
Recombinant RNA-dependent RNA polymerase
(RdRp)
Primer-independent initiation (de novo)
3′ UTR
RNA stem–loop
Super group 1 RdRps
VPgSesbania mosaic virus (SeMV), a single-strand positive-sense RNA plant virus, belongs to the genus
Sobemoviruses. Mechanism of replication in Sobemoviruses is poorly understood. In the present study, SeMV
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Replication of a positive-sense RNA viral genome catalyzed by viral
encoded RNA-dependent RNA polymerase (RdRp) proceeds in two
steps. In the ﬁrst step negative-sense RNA is synthesized from a
positive-sense genomic RNA template and in the second, a large
number of positive-sense genomic RNA molecules are synthesized
(Buck, 1996). Studies with several positive-sense RNA viruses have
suggested that untranslated regions (UTR) located at 5′ and 3′ ends of
the genome play a crucial role in viral replication. The sequence and
structure of these cis-acting elements are important (Buck, 1996;
Dreher, 1999; Sullivan and Ahlquist, 1997; Zoll et al., 2009). The cis-
acting elements are recognized by viral encoded RdRps, however, in
some cases the overall speciﬁcity is governed by other cellular and
virus encoded proteins (van Dijk et al., 2004).The initiation of RNA synthesis by all positive-sense RNA viruses
essentially proceeds either by primer-independent (de novo) or primer-
dependent initiation (Ferrer-Orta et al., 2006; van Dijk et al., 2004). In
majority of these viruses, RdRp initiates de novo RNA synthesis, wherein
a single nucleotide provides a 3′ hydroxyl group for initiating the
reaction. Some of the animal (Picornaviridae) and plant (Comoviridae,
Potyviridae) virus families and a few species from Luteoviridae, use viral
protein genome linked (VPg) as a primer for initiating the reaction
(Buck, 1996). The best studied primer-dependent RdRp reaction is that
of poliovirus which belongs to the family, Picornaviridae. Poliovirus
replication involves the uridylylation of VPg by RdRp in the presence of
an internal cre element of viral RNA. Uridylylated VPg acts as a primer
and the complementary strand is elongated by RdRp (Morasco et al.,
2003;Murray and Barton, 2003). The de novo initiation of RdRp reaction
requires distinct structural elements in RdRp such as, protruding
extensions from the thumb (ﬂaviviral RdRp and Φ6 RdRp) or a loop
within a palm domain (Reovirus RdRp) which occlude the active site,
facilitating the formation of an initiation platform (Ferrer-Orta et al.,
2006). Stacking interactions between initiation nucleotide and these
structural elements play an important role in stabilizing the complex for
de novo synthesis (Butcher et al., 2001). In contrast, RdRps which
depend on a primer for initiation contain an enlarged central cavity
which can accommodate the template and the primer, as shown in the
case of poliovirus RdRp (Ferrer-Orta et al., 2006). Interestingly, in some
cases, the same virus can utilize both mechanisms of replication, for
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analysis of two calicivirus RdRps revealed that the C-terminal amino
acid sequence folds back and forms a putative initiation platform
(Fullerton et al., 2007; Ng et al., 2004). Thus, several factors govern the
initiation of RNA synthesis. Not much is known about the structural
elements of RdRp which are involved in initiation of RNA synthesis in
plant viruses and the 3 dimensional structures of none of the plant viral
RdRps have been determined so far.
Sesbania mosaic virus (SeMV) which belongs to the genus
sobemovirus is a single-stranded positive-sense RNA plant virus
with a genome of ∼4.1 kb (Lokesh et al., 2001). The viral genome
encodes 4 open reading frames (ORFs) (Fig. 1). ORF 1 codes for
putative movement protein. The central ORF 2a and 2b code for
polyprotein 2a and RdRp respectively. ORF 3 encodes the coat protein.
Polyproteins 2a and 2ab have a domain arrangement of membrane
anchor–protease–VPg–p10–p8 and Membrane anchor-protease–
VPg–RdRp respectively (Nair and Savithri, 2010).The N-terminal
protease and VPg are common to both 2a and 2ab, however
expression of 2b (RdRp) is mediated through a −1 ribosomal frame
shifting mechanism (Fig. 1) (Makinen et al., 1995; Meier and Truve,
2007). The coat protein is expressed through a subgenomic RNA
(sgRNA) (Fig. 1) (Tamm and Truve, 2000). The viral genome is
covalently linked to VPg at the 5′ end and it does not have a poly(A)
tail or a tRNA-like structure at its 3′ end (Lokesh et al., 2001). The 3′
UTR sequences of sobemoviruses are highly diverse and it is difﬁcult
to predict a common, conserved secondary structural element which
may function in the initiation of RNA synthesis. The function of RdRp
domain, the requirement of VPg for initiation or the role of cis-acting
elements in replication have not been elucidated thus far.
In this paper, the biochemical characterization of recombinant
SeMV RdRp, which is capable of RNA synthesis in the absence of
protein primer VPg is described for the ﬁrst time. Further, mutationalFig. 1. Genome organization of SeMV. (A) The genome organization of SeMV is shown diagr
5′ end of the genome. Numbers on the horizontal line represent the location of start and term
a cartoon below the SeMV genome. Expression of the coat protein (ORF 3) through subgeno
sequence of ORF 2 generated by addition of U (shown in capital letter) at a slippery site isanalysis of 3′ UTR revealed that a stem–loop structure within this
region is important for activity.
Results
Expression and puriﬁcation of recombinant SeMV RdRp and VPg
SeMV RdRp was overexpressed in E. coli from the clones, pRSET A
RdRp (T) or pET-32a RdRp (T) as described in the Materials and
methods section. ‘T’ represents the extra nucleotide inserted through
PCR to enable the protein to be expressed in a −1 frame (Fig. 1). As
shown in Fig. 2 (A) lane 2, N-terminal His-tagged RdRp (62 kDa) was
predominantly present in the insoluble fraction and attempts to im-
prove the solubility by altering conditions, such as induction
temperature, IPTG and salt concentration, were unsuccessful (data
not shown). This problemwas overcome by expressing the RdRp as an
N-terminal Trx-tagged protein using pET-32a vector. Trx a small
14 kDa protein is known to signiﬁcantly improve the solubility of
several insoluble proteins (LaVallie et al., 1993; Stewart et al., 1998).
RdRp when expressed through pET-32a vector results in the addition
of Trx, S-tag, and His-tag at the N-terminus. The Trx-RdRp (80 kDa)
was found to be soluble and could be partially puriﬁed by Ni–NTA
chromatography as described in the Materials and methods. The
puriﬁed protein was analyzed by SDS-PAGE followed by coomassie
blue staining (Fig. 2 (B)). It can be seen from Fig. 2 (B), that along with
the expected high molecular mass (80 kDa) protein indicated by the
arrow, several other protein bands are also present. Western blotting
with polyclonal anti-RdRp antibodies showed that these protein
bands were probably the result of proteolytic degradation of RdRp
during expression or puriﬁcation (Fig. 2 (C)). Attempts to purify the
protein further, by gel ﬁltration or ion exchange chromatography
were unsuccessful. Similar degradation of the expressed protein wasammatically. A circular shape at the 5′ end represents the VPg covalently linked to the
ination codons of respective ORFs. Proteins encoded by different ORFs are also shown as
mic RNA is also shown schematically. (B) Inframe and−1 frame translated amino acid
shown schematically.
Fig. 2. Expression and puriﬁcation of SeMV RdRp in E. coli. (A) Analysis of His-RdRp.
BL21(DE3)pLysS cells expressing His-RdRp were disrupted by sonication and
centrifuged at 10,000 g for 10 min. Supernatant and pellet resuspended in buffer
were analyzed on 12% SDS-PAGE. Lane 1, uninduced cell lysate; lane 2, pellet from IPTG
induced cell lysate, showing expression of 62 kDa RdRp (indicated by arrow); lane 3,
supernatant of induced cell lysate; lane 4, protein molecular mass markers (kDa).
(B) SDS-PAGE of puriﬁed Trx-tagged RdRp. Soluble Trx-RdRp was puriﬁed as described
in the Materials and methods and analyzed on 12% SDS-PAGE followed by coomassie
staining. Lane 1, Protein molecular mass markers; lane 2, puriﬁed protein after Ni–NTA
chromatography. (C) Immunoblotting of puriﬁed RdRp. Western blotting was done
with polyclonal anti-RdRp antibodies raised in rabbit as primary antibody and goat
anti-rabbit IgG horse radish peroxidase (HRP) conjugated secondary antibodies. Lane 1,
total lysate of vector alone transformed cells; lane 2, Ni–NTA puriﬁed Trx-RdRp. Arrows
indicate the position of intact Trx-RdRp. (D) 12% SDS-PAGE of puriﬁed Trx-GDD-GAA
mutant of RdRp. Lane 1, Protein molecular mass marker; lane 2, puriﬁed protein.
Fig. 3. RNA-dependent RNA polymerase assay. (A) The assay was carried out with
puriﬁed Trx-RdRp and genomic RNA template as described in the Materials and
methods section. Lane 1, reaction was carried out in the absence of genomic RNA
template; lane 2, reaction with genomic RNA template. The reaction products were run
on 0.8% TBE-agarose gel and analyzed by phosphor-imaging. (B) Assay with in vitro
transcribed subgenomic RNA template. Lane 1 and 2, represent reaction products
obtained with GDD-GAA mutant RdRp in the presence (lane 1) and absence of VPg
(lane 2); lane 3 and 4, reaction products obtained with wild type RdRp in the presence
(lane 3) and absence of VPg (lane 4). (C) Analysis of the size of RdRp product. Lane 1,
RdRp product; lane 2, DNA ladder (1 kb). RNA was visualized by EtBr staining and UV
shadowing.
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virus (Li et al., 1998), suggesting increased susceptibility of the fusion
protein to proteolysis. The active site mutant (GDD-GAA) was also
expressed as Trx-tagged protein and puriﬁed by a procedure similar to
that used for the wild type RdRp (Fig. 2 (D)). VPg was puriﬁed as
described by Satheshkumar et al. (2005). Puriﬁed VPg also contained a
small amount of unbound protease–VPg (35 kDa) (Fig. S1 (a), lane 2).
RNA polymerase activity of SeMV recombinant RdRp
It was earlier reported that SeMV gRNA is covalently linked to VPg at
the 5′ end (Lokesh et al., 2001). However the requirement of VPg for
negative or positive-sense RNA synthesis has not been demonstrated so
far. Therefore, the recombinant RdRp was tested for its ability to
nucleotidylylate VPg under in vitro conditions. The assay was performed
withpuriﬁedTrx-taggedRdRp, in thepresenceof gRNA template, VPg and
[α-32P]ATP or [α-32P]UTP. However, the recombinant RdRp failed to
nucleotidylylate VPg (Fig. S1 (b)) suggesting that such a modiﬁcation
probably required other host/viral factors.The amino acid sequence analysis of putative SeMV RdRp showed
that it contained all the motifs required for polymerase function. For
example, GDDmotif conserved across the polymerases is also present
in SeMV RdRp (Fig. S4). It was therefore of interest to examine
whether the recombinant SeMV RdRpwas capable of RNA synthesis in
vitro. The polymerase assay was carried out with gRNA, [(+) gRNA] or
sgRNA [(+) sgRNA] in the presence of all the four rNTPs as described
in the Materials and methods. Surprisingly, the RNA synthesis was
observed with both (+) gRNA (Fig. 3 (A) lane 2) or (+) sgRNA,
(Fig.3 (B), lane 3–4) templates. It is also evident from Fig. 3 (B),
lane 4, that the RNA synthesis does not require VPg in vitro. Further,
the active site mutant was completely inactive and there was no
RNA synthesis in the presence (Fig. 3 (B) lane 1) or absence of VPg
(Fig. 3 (B), lane 2). These results suggest that the SeMVRdRp is capable
of RNA synthesis in vitro and that the conserved GDD motif is essential
for this activity. Since RNA synthesis on (+) sgRNA template resulted in
a clear distinct product of 1 kb size at the expected position (Fig. 3 (C))
when compared to (+) gRNA template, the (+) sgRNA was used as
template in further experiments.
Metal ion requirement for SeMV RdRp activity
Most of the polymerases require Mg2+ ions for catalysis (Doublie
and Ellenberger, 1998; Rothwell and Waksman, 2005; Steitz, 1998).
However, Mn2+ ions enhance the polymerase activity by several folds
under in vitro conditions when compared to Mg2+ ions (Arnold et al.,
1999; Poranen et al., 2008). To investigate the metal ion dependence
and the concentration required for optimal activity, the RdRp assays
were performed with varying concentrations of Mg2+ or Mn2+ ions.
Optimal incorporation of nucleotides occurred at a concentration
of 5 mM in both the cases (Fig. 4 (A)). However, in the presence of
Mn2+ ions, the incorporation was six times higher, when compared to
that with Mg2+ ions. Further, it was observed that in the presence
of 5 mMMg2+ ions, the concentration of Mn2+ ions required to exhibit
maximum activity was 2 mM(Fig. 4 (B)). Hence all further experiments
were carried out in the presence of 2 mM Mn2+and 5mM Mg2+ ions.
Fig. 4. Optimization of assay conditions. (A) Requirement of divalent metal ions for
SeMV RdRp activity. Radioactivity incorporated was measured by the ﬁlter-binding
assay as described in the Materials and methods. Radioactivity incorporated was
plotted against the concentration ofmetal ionMn2+ (●) orMg2+ (○). (B) Effect of Mn2+
ions on RdRp activity in the presence of 5 mM Mg2+ ions. Error bars indicate the
standard deviation from three independent experiments.
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RdRp (Beerens et al., 2007).
Optimization of assay conditions
To further investigate the properties of the recombinant SeMV
RdRp, the assay was carried out as a function of protein concentration
and time of incubation. The incorporation of nucleotides into RNA by
RdRp was linear with an increasing concentration of protein (1 µg)
and time (60 min) (Figs. S2 (a) and (b)). Similarly, when the assay
was performed as a function of pH, optimum activity was observed
at pH, 7.5 (Fig. S2 (c)) and the activity was optimum at 32 °C
(Fig. S2 (d)). The amount of product formed was also dependent on
template (+) sgRNA concentration and saturation was observed at
1.5 µg of template (Fig. S2 (e)). NaCl inhibited the activity by 70%
at a low concentration (50 mM), suggesting a crucial role for ionic
interactions in initiation of RNA synthesis by RdRp (Chen and
Patton, 2000) (Fig. S2 (f)). In all these experiments, the active site
mutant (GDD-GAA) was used as control. In addition to measuring the
incorporated counts, the product was analyzed by 0.8% TBE-agarose
gel electrophoresis followed by phosphor-imaging. The results obtained
are shown at the bottom of the respective ﬁgures (Figs. S2, (a)–(f)). A
good correlation between the ﬁlter-binding assays and the intensity of
the labeled product in the agarose gels was observed.Characterization of the product of SeMV RdRp reaction
The product was analyzed by digesting it with nucleases, such as
S1 nuclease and Ribonuclease A (RNase A). The RdRp product was
resistant to S1 nuclease which is speciﬁc to single-stranded RNA
(Fig. 5A (a), lane 1–2) suggesting its double-stranded nature. Further,
as can be seen from Fig. 5A (a), the RdRp product was susceptible to
RNase A digestion at low salt concentration (lane 3) but was resistant
at high salt concentration (lane 4). These results revealed that the
product synthesized by recombinant RdRp was double-stranded.
Northern analysis was performed to conﬁrm that the daughter-strand
synthesized was complementary to the template using a labeled (+)
sgRNA speciﬁc probe. As shown in Fig. 5A (b), the probe speciﬁcally
hybridized to product obtained with wild type enzyme (lane 2) and
no band was observed with active site mutant RdRp (lane 1)
indicating that the newly synthesized RNA strand was complemen-
tary to the template.
Mechanism of initiation of RNA synthesis
The results described in the previous section showed that the
protein primer, VPg, was not required for RNA synthesis by SeMV
RdRp in vitro (Fig. 3 (B)). Therefore, other possible mechanisms such
as de novo initiation or template priming were examined. Strand
separation assay was performed to determine the nature of SeMV
RdRp products. In the strand separation assay, RdRp product (pellet
after ethanol precipitation) was directly dissolved in formamide and
heated to 80 °C for 5–10 min, rapidly cooled on ice and loaded on 0.8%
TBE-agarose gel. When compared to the undenatured product, the
denatured product moved faster (Fig. 5B (a), lane 4) and its position
corresponded to the single-stranded template (Fig. 5B (a), lane 2)
showing that the product was not covalently linked to the template and
could be separated upon denaturation. A small amount of undenatured
product was also observed (Fig. 5B (a) lane 4), however this could be
due to incomplete denaturationof RdRpproduct. To further conﬁrm this
possibility, the 3′ hydroxyl group of (+) sgRNA was blocked using
cordycepin 5′ triphosphate and poly(A) polymerase as described in the
Materials and methods section. It can be seen from Fig. 5B (b),
3′ hydroxyl-blocked RNA also acted as template, conﬁrming that the
RdRp initiates de novo RNA synthesis on (+) gRNA or (+) sgRNA
templates.
The de novo priming polymerases require a higher concentration of
initiatory nucleotide for a rate limiting initiation step, whereas lower
concentrations are sufﬁcient for an elongation step (Kao et al., 1999;
Kao and Sun, 1996). As shown in Fig. 5B (c), RNA synthesis directed by
(+) sgRNA was signiﬁcantly reduced with a limiting concentration of
ATP and GTP. In contrast, a limiting concentration of UTP or CTP had
no signiﬁcant effect. These results suggest that SeMV RdRp prefers
purines at the initiation step. To further demonstrate the presence of
these initiatory nucleotides at the 5′ termini of RdRp products, γ-32P
labeled ATP or GTP was used in the RdRp assay as described in the
Materials and methods section. As shown in Fig. 5B (d), the RdRp
product was indeed labeled with γ-32P ATP or GTP suggesting the
presence of these nucleotide triphosphates at the 5′ termini. Over all
these experiments demonstrate that SeMV recombinant RdRp be-
haves in a manner similar to that of de novo initiating polymerases.
Template speciﬁcity of recombinant SeMV RdRp
Most of the recombinant RdRps are able to initiate RNA synthesis on
a wide variety of templates, such as homo- or heteropolymeric RNA
templates, when an oligonucleotide primer is provided (Ferrari et al.,
1999; Kao et al., 2000). To investigate template requirements of SeMV
RdRp, the assay was carried out using a homopolymeric RNA template
such as poly A, in the presence and absence of the oligo(dT) primer
(Fig. 6 (A), bar 4–3). Unlike the observation with (+) sgRNA template,
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presence or absence of oligo(dT) primer. Similarly, wheat germ total
tRNAwas also not recognized as a template by the RdRp (Fig. 6 (A), bar
5).
It was shown that in the presence of Mn2+ ions, poliovirus 3D
polymerase initiates RNA synthesis on DNA templates and utilizes
dNTPs as substrates (Arnold et al., 1999). Since Mn2+ was used as
cofactor in the assay, we tested the ability of the polymerase to initiate
on single-stranded M13 DNA as template. However, SeMV RdRp was
unable to use DNA as template (Fig. 6 (A), bar 6). To check the effect of
Mn2+ ions on nucleotide speciﬁcity, the assay was carried out in the
presence of rNTPs or dNTPs. However, RNA synthesis was observed
only with rNTPs and not dNTPs (Fig. 6 (A), bar 1–2). The GDD-GAA
mutant RdRp did not show any activity as described earlier (Fig. 6 (A),
bar 7). These results reveal that even in the presence of Mn2+ ions,
there was no relaxation in the template or nucleotide speciﬁcity.
RdRp assay was also carried out with different RNA templates such
as (+) sgRNA, anti sgRNA [(−) sgRNA], and RNA which encompasses
the 3′ UTR of antigenomic RNA [(−) gRNA] (Fig. S3). An equimolar
concentration (1.25 pmol) of RNA was used in the reaction. As shown
in Fig. 6 (B), themaximal incorporationwas observedwith (+) sgRNA
(Fig. 6 (B), bar 1), followed by the RNA template which encompassed
3′UTR of (−) gRNA (Fig. 6 (B), bar 3) and the lowest amount with (−)
sgRNA (Fig. 6 (B), bar 2). These results suggested that the RdRp was
able to initiate RNA synthesis on all the three viral RNAs, but
preferentially on (+) sgRNA template.
Identiﬁcation of essential cis-acting elements in (+) sgRNA
Template requirement studies showed that the recombinant SeMV
RdRp preferred (+) sgRNA over negative-sense templates. In order
to identify cis-acting elements required for preferential initiation,
the secondary structure of 3′ UTR of (+) sgRNA was predicted using
M-fold program (Mathews et al., 1999). The analysis showed that the
UTR folds into stem–loop structureswith aΔGof−29.2 kcal/mol (Fig. 7
(A)). In order to identify which of these stem–loop structures are
responsible for initiation, systematic deletion analysis was carried out.
The deletionmutant templateswere constructed by initial ampliﬁcation
using T7 CP (coat protein) sense and corresponding antisense primers
(Table 1, 3′UTR del 10 nt, del 27 nt, del 55 nt and CP antisense primers),
using the full length cDNA clone as template. In vitro transcription wasFig. 5. A. Analysis of the product synthesized by recombinant RdRp. (a) Sensitivity of
RdRp product to RNase A and S1 nuclease hydrolysis. After the assay, the products were
extracted with Tri-Reagent/chloroform and ethanol precipitated. RdRp product was
dissolved in nuclease-free water and subjected to S1 nuclease (100 U) or RNase A
(0.1 mg/ml) digestion followed by electrophoresis using 0.8% non-denaturing TBE-
agarose gel. Lane 1, RdRp product alone; lane 2, product treated with S1 nuclease;
lane 3, treatment with RNase A at low salt concentration; lane 4, treatment with RNase
A at high salt concentration. (b) Northern analysis of RdRp product obtained with
unlabeled NTPs. RdRp products were denatured and run on 0.8% formaldehyde-agarose
gel. RNA was transferred to a nylon membrane and probed with uniformly labeled
subgenomic RNA-sense probe. Lane 1, product obtained with GDD-GAA mutant
enzyme; lane 2, product obtained with wild type enzyme. B. Mechanism of initiation of
RNA synthesis. (a) Heat denaturation assay of unlabeled RdRp product. RdRp product
was heat denatured and run on 0.8% agarose gel. RNA was visualized by EtBr staining
and UV shadowing. Lane 1, double-stranded RNA generated by annealing sense and
antisense subgenomic RNA (both RNA templates were mixed at equimolar concentra-
tion in DEPC treated water and heated to 80 °C for 5–10 min and slowly cooled to room
temperature); lane 2, single-stranded subgenomic RNA; lane 3, RdRp product before
denaturation; lane 4, RdRp product after heat denaturation. (b) Assay with 3′ hydroxyl-
blocked RNA template. Incorporated counts were measured by ﬁlter binding assay
and plotted as bar diagram. Corresponding RdRp product was also analyzed on 0.8%
TBE-agarose gel and is shown below the bar diagram. Bar 1, product obtained with wild
type RNA template; bar 2, product obtained with 3′ hydroxyl-blocked RNA template.
(c) Assay with limiting concentration of NTPs. A standard RdRp assay was carried out
with (+) sgRNA (0.4 μg) and 1 μg of protein. Lane 1, limiting concentration of UTP (3 μM);
lane 2, limiting concentration of ATP (3 μM); lane 3, limiting concentration of GTP (3 μM);
lane 4, limiting concentration of CTP (3 μM). (d) RdRp product labeling with [γ-32P]NTP.
Lane1, RdRp assaywas carried outwith 200 μMeachof GTP, CTP,UTP and30 μCi of [γ-32P]
ATP; lane 2, assay with 200 μM each of ATP, CTP, UTP and 30 μCi of [γ-32P]GTP.carried out using the PCR products and the transcripts were puriﬁed
from agarose gels as described in the Materials and methods. The RdRp
assaywas carried outwith equalized concentrations ofmutant andwild
type RNA. It can be seen from Fig. 7 (B), that deletion of 10 nt from the 3′
end of UTR which does not form any secondary structure (bar 2) and
deletion of 27 nt (bar 3)which forms a small stem–loop structure (Fig. 7
(A)), did not affect the polymerase activity of RdRp. However, deletion
of 55 nt encompassing a stable stem–loop structure with an 8 bp stem
and 12 nt loop between28–55 nt, resulted in 65% loss in activity (bar 4),
as compared to that with wild type RNA. Deletion of the entire 3′ UTR
resulted in 80% loss in activity (bar 5), suggesting that 3′ UTR and in
Fig. 6. Analysis of template requirements. (A) Assay with different templates and
nucleotides. RdRp product was measured as TCA precipitatable counts and the counts
obtained with subgenomic RNA was normalized to 100%. All assays were performed with
rNTPs except for the assay presented in bar 2where dNTPswere used. The product obtained
with (+)sgRNA(0.4 µg) and rNTPs (bar1); (+)sgRNA(0.4 µg)withdNTPs (bar2);poly(A)
and 5 µCi [α-32P]UTP (bar 3); poly(A) annealedwith oligo dT and 5 µCi [α-32P]UTP (bar 4);
wheat germ total tRNA (bar 5); single-stranded M13 DNA (bar 6); product obtained with
active site mutant (GDD-GAA) (bar 7). (B) Assay with in vitro transcripts corresponding to
different UTR regions of SeMV. The assay was carried out with 1.25 pmol concentration of
each template. Bar 1, (+) sgRNA; bar 2, (−) sgRNA; bar 3, (−) gRNA (corresponding to
1140 nt of 3′ UTR of negative genomic RNA). Error bars represents the standard deviation
obtained from three independent experiments. Corresponding RdRp product was also
analyzed on 0.8% TBE-agarose gel and is shown below the bar diagram.
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role in determining template preference. Similar correlation was
observed when products of these mutants were analyzed on 0.8%
TBE-agarose gel (Fig. 7 (C)). To check if the loss in 65% activitywas solely
due to the stem–loop structure predicted around28–55 nt,mutations of
this region were carried out. Mutations such as inversion of loop
sequences, conversion of loop sequence to poly C, the deletion of loop
and deletion of entire stem–loop were made, without altering the
upstream and downstream sequences (Fig. 7 (D)). As shown in Fig. 7
(E), inversion of loop sequence (bar 2) did not affect RdRp activity
signiﬁcantly. However, conversion of loop sequence (bar 3), deletion of
loop (bar4) or deletionof stem–loop (bar5) reduced the activityby30%,
55% and75%, respectively, compared to thatwith thewild type template(bar 1). Agarose gel analysis also gave similar results (Fig. 7 (F)). These
results conﬁrmed that the overall structure and not the sequence of the
stem–loop is important for RdRp activity. Further mutations on this
stem–loop structureweremade, to deﬁne theminimum length of base-
paired stem and the loop required for RdRp activity. Mutations such as
stabilization of stemby substitution ofUUAwithGGG at the base-paired
region, stemof 5 bp and6 bp in length, loopwithonly 4 or6 or8 ntwere
designed (Fig. 8 (A)). Results of these mutational analyses (Fig. 8 (B))
showed that stabilization of stem resulted in a 40% decrease in the
activity (Fig. 8 (B), bar 1). A decrease in loop length to 4 nt also reduced
the activity by 50% (Fig. 8 (B) bar 4). However, 5 bp (bar 3), 6 bp (bar 2)
stem and 6 nt (bar 5) and 8 nt (bar 6) loop showed activity similar to
that of wild type RNA template (bar 7). These results suggest that the
RdRp is capable of recognizing stem–loop structures of various forms
(Fig. 8 (B)). In all these experiments equimolar concentrations
(1.25 pmol) of the template was used. RdRp products of all of these
mutants were also analyzed on a 0.8% TBE-agarose gel and the results
correlated well with the incorporation studies (Fig. 8 (C)).
Discussion
The mechanism of replication of plant viruses has been elucidated
using both in vitro and in vivo methods. Most of the in vitro methods
involve the isolation of a membrane bound replication complex from
infected material which contains the catalytic subunit of viral encoded
RdRp and viral/host derived proteins. These partially puriﬁed replication
complexes are template speciﬁc andare able to initiate replicationde novo
at the 3′ end of genomic RNA (Buck, 1996). When compared to animal
viruses, studies on recombinant RdRps have been fewer in the case of
plant viruses. Only in a few cases, it has been shown that recombinant
plant viral RdRps are functional and are template speciﬁc (Anindya et al.,
2005; Hong and Hunt, 1996; Li et al., 1998; Rajendran et al., 2002). The
results presented in this paper demonstrate for the ﬁrst time, that the
recombinant SeMV RdRp is active as a polymerase, capable of initiating
RNAsynthesis denovo, in the absence of theprotein primerVPg. Further, a
stem–loop structure (28–55 nt) at the 3′ end of the SeMV (+) sgRNA
template is shown to be important for RNA synthesis.
The His-tagged SeMV RdRp was found to be largely present in the
insoluble fraction (Fig. 2 (A)), possibly due to the presence of a large
number of cysteines (23 cysteines) and hydrophobic amino acids which
could have resulted in the aggregation of the expressed protein. Fusion of
Trx to RdRp, a highly soluble protein involved in disulphide metabolism,
resulted in the RdRp that was soluble (Figs. 2 (B–D)). Similar results have
been obtained with other proteins (LaVallie et al., 1993; Stewart et al.,
1998).
The initial step in the primer-dependent replication by RNA
polymerases from polioviruses and potyviruses is uridylylation of VPg,
which acts as a primer that can be elongated further (Anindya et al., 2005;
Murray and Barton, 2003; Puustinen and Makinen, 2004). SeMV RdRp
could not uridylylate or adenylylate VPg. However, it was capable of RNA
synthesis in vitro in the absence of protein-primer VPg although SeMV
gRNA is covalently linked to VPg, at its 5′ end (Fig. 3 (B)). The products of
SeMV RdRp reactionwere double-stranded (Fig. 5A), as observed inmost
cases (Li et al., 1998; Osman et al., 2006). Further, these double-strand
products were formed by de novo initiation at the 3′ end with a purine as
the initiating nucleotide and they could be labeled at the 5′ end by
nucleotide triphosphate (Fig. 5B). The preference for a purine as
initiatory nucleotide is understandable as the 3′ end of SeMV genomic
RNA is uridine. Sobemoviral RdRps have been classiﬁed under
supergroup 1, sobemo-like superfamily which contains Sobemoviruses,
Luteoviridae (luteovirus, polerovirus, enamovirus), Barnaviridae, and
Nodaviridae (Buck, 1996; Koonin and Dolja, 1993). It was shown that
isolated replication complex from Cereal Yellowdwarf virus (polerovirus)
requires VPg for negative-strand synthesis (Osman et al., 2006). How-
ever, within the family Luteoviridae, viruses from genus luteovirus
neither contain a cap structure at the5′ endnor aVPg(Allenet al., 1999).
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genomes and uses primer-independent mechanism for RNA synthesis
(Ball, 1994, 1995; Kao et al., 2001). These observations clearly suggestFig. 7. Identiﬁcation and characterization of cis-acting elements on 3′ UTR of subgenomic R
genomic RNA as predicted using M-fold program (ΔG −29.2 kcal/mol). (B) Reaction prod
quantitated using ﬁlter binding assay and is depicted as a histogram. NTP incorporation with
from three independent experiments. Reaction carried out with wild type subgenomic RN
deletion mutant templates from the 3′ end of subgenomic RNA, respectively. Bar 5, reactio
products of above mutant templates were also analyzed on 0.8% TBE-agarose gel and are
different stem–loop mutants, ΔG values are also shown. These values were obtained using
RdRp activity. The reaction products obtained with equimolar concentration (1.25 pmol) of
wild type subgenomic RNA template was normalized to 100%. Wild type subgenomic RN
conversion of loop and deletion of loop respectively; bar 5, mutant template with deleti
(F) Reaction products were analyzed on 0.8% TBE-agarose gel and are shown at the bottomthat even though the RdRp lineage is the same, these viruses use an
entirely differentmechanism of initiation, probably due to the existence
of conformational ﬂexibility in this group of polymerases. It is possibleNA required for RdRp activity. (A) The secondary structure of the 3′ terminal 125 nt of
ucts obtained with an equated concentration of different mutant RNA templates were
subgenomic RNAwas taken as 100%. Error bars indicate the standard deviation obtained
A template (bar 1); bars 2–4 represent the reaction carried out with 10, 27 and 55 nt
n with a template in which the 3′ UTR of subgenomic RNA was deleted. (C) Reaction
shown at the bottom of the respective histogram. (D) M-fold predicted structures of
the entire 3′ UTR with corresponding mutations. (E) Effect of stem–loop mutations on
respective templates were quantitated by ﬁlter binding assay. The counts obtained with
A template (bar 1); bars 2–4 represent the mutant templates with inversion of loop,
on of stem–loop (28–55 nt from 3′ end) without altering the surrounding sequence.
of the respective bars.
Fig. 7 (continued).
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requirement of VPg for RNA synthesis in vitro. However, in the in vivo
scenario, thepresence of host and viral factorsmightmodulate the RdRp
conformation such that it now depends on VPg for RNA synthesis.
Similar to other recombinant RdRps, the SeMV RdRp activity was
dependent onMg2+ ions and was enhanced several fold in the presence
ofMn2+ ions (Fig. 4 (A)). It has been reported that there is a relaxation in
the template and nucleotide speciﬁcity in the presence of Mn2+ ions
(Arnold et al., 1999). However, SeMV RdRp showed preference for
structured viral RNA templates andwas inactive on homopolymeric RNA
templates (Fig. 6).
Probing into the molecular interactions necessary to initiate replica-
tion by SeMV RdRp showed that 3′ UTR was essential. Analysis of the
deletion mutants in the 3′ UTR showed that a stem–loop structure (28–
55 nt) is important for RNA synthesis (Fig. 7). Similar results were also
observed with replication complexes isolated from plants infected with
Alfalfa mosaic virus (van der Kuyl et al., 1990). Recombinant RdRps have
been shown to require a stem–loop adjacent to the initiation sequence
(van Dijk et al., 2004). However, the requirement for a stem–loop
structure is not restricted to recombinant RdRps but is a characteristic of a
replication complex. In several instances through in vitro and in vivo
studies it has been demonstrated that a deﬁned RNA structure plays animportant role in replication, such as a tRNA-like structure in Brome
mosaic virus (BMV) (Dreher andHall, 1988), a stem–loop structure at the
3′ end of Turnip crinkle virus satellite C RNA (Song and Simon, 1995) or a
pseudoknot structure in enteroviruses and tymoviruses (Deiman et al.,
1998; Mirmomeni et al., 1997; Ranjith Kumar et al., 1998; Rohll et al.,
1995). In many cases apart from the structure of the RNA, the nucleotide
sequence was also shown to play an important role in replication (Chen
et al., 2005; Deiman et al., 1998; Duggal et al., 1994; Osman and Buck,
1996; Singh and Dreher, 1997; Song and Simon, 1995). The mutational
analysis of the stem–loop structure (28–55 nt) in the 3′ UTR of SeMV
showed that it is the structurewhich contributes signiﬁcantly to template
speciﬁcity rather than the sequence (Figs. 7 and8). Further analysis of this
stem–loop showed that the SeMV RdRp was capable of recognizing
stem–loop structures of various lengths and forms (Figs. 7 and 8)
suggesting that the RdRp is ﬂexible enough to recognize different
conformations of the stem–loop structures. The RNA mutant with a GC
rich stem showed a signiﬁcantly reduced activity which could be due to
inefﬁcient unwinding of these regions by the elongating polymerase
(Fig. 8 (B)). This is in contrast to poliovirus polymerasewhichwas shown
to elongate the RNA through a highly stable duplex RNA template (1 kb)
(Cho et al., 1993). SeMV RdRp was also able to initiate on (−) gRNA
(corresponding to 1140 nt of 3′UTRof negative-sense genomicRNA) and
Table 1
Description of oligonucleotides used in this study.
No Primer Sequence (5′–3′) Description
1 CP sense 5′ GGG GAA TAC TCC ATC GCC CC 3′ To generate template for (−) sg RNA transcription.
2 CP-anti 5′ TCAGTTGTTCAGGGCTGAGGCAGTTGG 3′ To generate template for (+) sg RNA 3′ UTR deletion
mutant transcription.
3 RdRp GDD-GAA-sen 5′ GCTATGGGTGCTGCTAGCGTTGA AGGATGG 3′ To generate GDD-GAA mutant, nucleotides shown in bold
represent NheI site introduced for screening the clones.
4 RdRp GDD-GAA-anti 5′ CCATCCTTCAACGCTAGCAGCACC CATAGC 3′ To generate GDD-GAA mutant, nucleotides shown
in bold represent NheI site introduced for screening
the clones.
5 5′ UTR-SEN 5′ ACAAAATATAAGAAGGAAAGCTG GATTTCCTAC 3′ To generate template for transcription of (−) g RNA
(corresponding to 3′ terminal 1140 nt).
6 3′ UTR del 10 nt-anti 5′ CGCGCCAATTTCTCGCGGGAATGGA TTTAACG 3′ Used to delete the 10 nt from 3′ UTR of (+) sg RNA.
7 3′ UTR del 27 nt-anti 5′ GGAATGGATTTAACGAGCATTCCA TTCC 3′ Used to delete the 27 nt from 3′ UTR of (+) sg RNA.
8 3′ UTR del 55 nt-anti 5′ AAAACCTCGGTGGATTTGTGAAGATCCAGC 3′ Used to delete the 55 nt from 3′ UTR of (+) sg RNA.
9 RdRp T-sen 5′ CGTGCTAGCCATATGACCGTCGCTGTTGAGAATTTTAAACTGCCAGC 3′ To PCR amplify ORF 2b (RdRp), nucleotides shown
in bold represent NheI site, italicized nucleotides represent
NdeI site and the extra nucleotide inserted is underlined.
10 RdRp anti 5′ CGGGATCCTTACGAATCCGCACCATAGC 3′ To PCR amplify ORF2b (RdRp), nucleotides shown in bold
represent BamHI site.
11 T7 CP-sen 5′ TAATACGACTCACTATAGGGA GGGGAA TAC TCC ATC GCC CC 3′ To generate PCR product for (+) sg RNA, nucleotides
shown in bold represent T7 minimal promoter.
12 T7 3′ UTR-anti 5′ TAATACGACTCACTATAGGGAATTTGGATTACGCGCCATTTCTCGCGGG 3′ To generate PCR product for (−) sg RNA, nucleotides
shown in bold represent T7 minimal promoter.
13 T7 protease-anti 5′ TAATACGACTCACTATAGGGAGGAAATCTCCCAATCCTCAACAGAAACCTGC 3′ To generate PCR product for transcription of (−) g RNA,
T7 minimal promoter shown in bold.
14 3′ UTR loop del-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGATCCATTCCAAAACCTCGGT
GGATTTG 3′
Used to delete loop region of stem–loop structure keeping
neighboring sequences intact.
15 3′ UTR stem–loop del-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGAAAACCTCGGTGGATTTGTGAAGA
TCCAG 3′
Used to delete the entire stem–loop structure keeping
neighboring sequence intact.
16 3′ UTR loop inversion-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGATCTGAGCAATTTTCCATT
CCAAAACCTCGGTGGATTTG 3′
Used to invert the loop sequence of stem–loop structure.
17 3′ UTR loop conversion-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGACCCCCCCCCCCCTCCATT
CCAAAACCTCGGTGGATTTG 3′
Used to change loop sequence to poly C.
18 Loop with 6 nt-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGATTTAACGAGAAATCCATT
CCAAAACCTCGGTGGATTTGTG 3′
Used to change loop size from 12 nt to 6 nt.
19 Loop with 4 nt-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGATTTCTCGAGAAATCCATT
CCAAAACCTCGGTGGATTTGTG 3′
Used to change loop size from 12 nt to 4 nt.
20 Loop with 8 nt-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGAATGGATTTAACGAGTAATCCATT
CCAAAACCTCGGTGGATTTGTG 3′
Used to change loop size from 12 nt to 8 nt.
21 Stem stabilized-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGGGCCCGGATTTAACGAGCATTCCGGG
CCAAAACCTCGGTGGATTTGTG 3′
Used to stabilize stem region of stem–loop structure.
22 Stem with 5 bp-anti 5′ ATTTGGATTACGCGCCAATTTCTCGCGTGCCCGGTTAACGAGCATCGGGCC
AAAACCTCGGTGGATTTGTG 3′
Used to reduce stem length from 8 bp to 5 bp.
23 Stem with 6 bp-anti 5′ATTTGGATTACGCGCCAATTTCTCGCGGGCCCGGATTTAACGAGCGGGCCATT
CCAAAACCTCGGTGGATTTGTG 3′
Used to reduce stem length from 8 bp to 6 bp.
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loop structures (Fig. 6 (B)). Flexibility in recognizing various structures of
the templatesby theRdRpmightbeof regulatory signiﬁcanceduringviral
replication. StudieswithBMVreplicasehave shown that it canbind to ten
different RNA fragments located at different positions of viral RNAwhich
might have a different regulatory role in viral replication (Choi et al.,
2004).
In conclusion, the SeMV recombinant RdRp does not require the
presence of VPg for initiation of RNA synthesis in vitro and has
properties similar to de novo initiating polymerases requiring
structured RNA templates for RNA synthesis. It is possible that in
vivo the RNA synthesis is primer-dependent requiring other viral/host
factors. However, the basic RNA structure dependent RNA polymerase
function is indeed intrinsic to the recombinant SeMV RdRp as
demonstrated by the results presented in this paper.Materials and methods
Construction of SeMV RdRp clone
In order to express the−1 ribosomal frame shift product of ORF 2b
of SeMV in E. coli, a sense primer (RdRpT sen) was designed with an
extra nucleotide (T) at the slippery sequence (AY004291) (1744 nt
position). The ORF 2b was ampliﬁed with High Fidelity Phusionpolymerase (Finnzymes), using this sense primer and antisense
primer corresponding to RdRp domain of ORF 2ab (Table 1) and full-
length SeMV cDNA clone as the template (AY004291). The PCR
product was cloned at NheI and BamHI sites of pRSET A vector
(Invitrogen). In order to express RdRp as N-terminal thioredoxin
(Trx)-tagged protein, the PCR product was also cloned at EcoRV site of
pET-32a vector (Novagen). Both clones were conﬁrmed by restriction
digestion followed by DNA sequencing.
Construction of active site mutant of SeMV RdRp
Conserved GDDmotif of RdRp was mutated to GAA by the PCR-based
SDMmethod (Weiner et al., 1994). PCRwas performedusing pET-32a (T)
RdRp template, appropriate sense and antisense primers (Table 1) and
Phusion polymerase. DpnI digestion was carried out to remove template
from the PCR reaction mixture before transformation into DH5α
competent cells. Plasmids were isolated from colonies and screened by
restriction digestion with NheI. The mutations were conﬁrmed by DNA
sequencing.
Expression, puriﬁcation and immunoblotting of the recombinant proteins
pRSET-SeMV RdRp clone and pET-32a RdRp clone were trans-
formed individually into E. coli BL21(DE3) pLysS cells (Novagen). A
Fig. 8. Analysis of minimal requirements of stem–loop structure for RdRp activity. (A) Predicted structures of different stem–loop mutations and ΔG values are shown. These values
were obtained by using the entire 3′UTRwith corresponding mutations. (B) Effect of different mutations in the stem–loop region of templates (at equimolar concentration) on RdRp
function. The reaction products were quantitated by ﬁlter binding assay and the counts obtained with wild type subgenomic RNA template was normalized to 100%. Reaction carried
out with stem stabilized (GC rich stem with 8 bp) (bar 1); stem with 6 bp (bar 2); stem with 5 bp(bar 3); loop with 4 nt (bar 4); loop with 6 nt (bar 5); loop with 8 nt(bar 6); and
wild type subgenomic RNA (bar 7) templates; (C) corresponding reaction products were analyzed on 0.8% agarose gel and are shown at the bottom of each bar.
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50 μg/ml ampicillin and grown at 37 °C overnight. The overnight
grown culture was inoculated into 500 ml of Terriﬁc Broth (TB)
containing 50 μg/ml ampicillin and allowed to grow at 37 °C till the
optical density (OD) at 600 nm reached 1.0. The expression of RdRp
was induced with 0.3 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) (Sigma) and grown for 5 h at 15 °C. The cells were harvested
by centrifugation and resuspended in 30 ml of lysis buffer (20 mM
Tris–HCl (pH 7.5), 10 mM MgCl2, 400 mM NaCl, 10 mM imidazole,
0.1% NP-40 and 2 mM EGTA). Resuspended cells were sonicated for
15 min with an amplitude of 30 (Vibra cell) and the lysate was
centrifuged at 10,000 g (Avanti JE, Beckmen coulter) for 10 min at
4 °C. The solubility of the expressed protein was checked using Sodiumdodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970). The protein bands were visualized by staining with
coomassie blue staining. The soluble fraction of Trx-tagged RdRp
expressed from pET-32a clone was incubated with 1 ml of Ni–NTA
(Nickel–Nitrilotriacetic acid) beads for 2 h at 4 °C and the protein was
puriﬁed according to the manufacturer's instructions (Novogen). The
puriﬁed fraction was analyzed by SDS-PAGE. The insoluble His-tagged
RdRp (pRSETA clone) was puriﬁed under a denaturing condition and
used for raising polyclonal antibodies in rabbit as described previously
(Satheshkumar et al., 2004). Immunoblotting was performed as
described earlier (Sambrook and Russel, 2001). Primary and
secondary antibodies used were rabbit anti-RdRp (polyclonal) and
goat anti-rabbit IgG HRP conjugate (Bangalore Genei), respectively.
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(GE Healthcare) and analyzed by Fuji-ﬁlm LAS 3000 instrument.
Expression and puriﬁcation of protease–VPg and VPg
VPg was puriﬁed as described earlier (Satheshkumar et al., 2005).
Brieﬂy, the His-tagged protease–VPg active site mutant (S284A)
(substrate PVSA) and the His-tagged protease–VPg cleavage site mutant
(E325A) (enzyme PVEA) were puriﬁed as described earlier (Satheshku-
mar et al., 2005). Trans cleavage assay was carried out to release VPg,
wherein puriﬁed PVSA was incubated with PVEA at a proportion of 50:1.
The VPg released in this assay does not contain any tag. The His-tagged
protease which is released and the His-tagged PVSA and PVEA were
removed by binding to Ni–NTA beads. The unbound VPg was collected
and the purity was checked by SDS-PAGE.
In vitro transcription and puriﬁcation of transcripts
Templates for in vitro transcription were generated by PCR, using Taq
DNA polymerase and the primers containing T7minimal promoter at the
5′ end. SeMV full-length cDNA clone was used as the template
(AY004291). In order to generate templates for subgenomic RNA [(+)
sgRNA] and 3′ UTR mutants, PCR was performed with T7-Coat protein
(CP) sense primer and appropriate antisense primers corresponding to
the 3′ endof full length genomic RNAor the deletions as shown in Table 1.
For antisubgenomic RNA [(−) sgRNA], T7-3′ UTR antisense and CP sense
primer was used and for [(−) gRNA] (corresponding to 3′ terminal
1140 nt of the antigenomic RNA), T7-protease antisense and 5′UTR sense
primers were used (Fig. S3). Protocol for in vitro transcription is as
follows, 5× transcription buffer 20 µl (200 mM Tris–HCl (pH 7.9),
30 mM MgCl2, 50 mM dithiothreitol (DTT), 50 mM NaCl and 10 mM
spermidine), 5 µl (15 µg) of the PCR product, 2.5 µl of RiboLock
(40 U/µl) (MBI Fermentas), and 6 µl of rNTPs (25 mM), volume was
adjusted to 97 µl, pre-warmed to 37 °C and 60 U of T7 polymerase
(20U/µl) (MBI Fermentas) was added and incubated for 6 h at 37 °C
followed by treatmentwith 10 URNase-freeDNaseI (MBI Fermentas)
for 30 min. The in vitro transcripts were puriﬁed by loading the
reaction mixture on 0.8% Tris borate EDTA (TBE)-agarose gel
(Sambrook and Russel, 2001) containing ethidium bromide, and
allowed to run up to two-thirds of the gel. The RNA was visualized
under UV light and RNA band was excised using a RNase-free blade.
The gel was sliced into small pieces (1–2 mm) and incubated
overnight with 1 ml of elution buffer [50 mM Tris–HCl (pH 7.5),
10 mMEDTA, 0.1% sodiumdodecyl sulphate (SDS) and 300 mMNaCl]
on end to end rotor at 4 °C. The eluatewas extractedwith Tri-Reagent
(Sigma), chloroform and RNA was precipitated by the addition of
ethanol (Chomczynski and Sacchi, 1987). The precipitate was
dissolved in 50 µl nuclease-free water.
VPg modiﬁcation and RNA-dependent RNA polymerase assay
Adenylylation or uridylylation of VPg was performed in a 20 µl
reaction mixture containing 2–4 µg of VPg, 1 µg of SeMV RdRp, 0.4 µg of
(+) gRNA (genomic RNA), 20 U of RiboLock, 5 µCi of [α-32P]ATP or [α-
32P]UTP (3000 Ci/mmol) (BRIT), and 20 mM Tris–HCl (pH 7.5), buffer
containing 5 mM MgCl2, and 2 mM MnCl2. The reaction mixture was
incubated at 30 °C for 2 hand the reactionwas stoppedby adding2×SDS-
loading dye and reaction products were analyzed on 15% SDS-PAGE. Gel
was dried and exposed to phosphor-imager and analyzed by Fuji-ﬁlm LAS
9000 instrument.
RdRp assay was carried out in a 20 μl reaction mixture containing
20 mM Tris–HCl (pH 7.5) buffer, 5 mM MgCl2, 2 mM MnCl2,
Actinomycin-D (1 μg), 1 mM rNTPs without UTP and 20 μM UTP and
0.4 μg of (+) gRNA or in vitro transcribed (+) sgRNA (subgenomic
RNA) (1 kb), 1 U/μl RiboLock and 5 μCi [α-32P] UTP, 1 μg polymerase.The reaction mixture was incubated at 30 °C for 1 h and the reaction
was stopped by addition of EDTA to a ﬁnal concentration of 20 mM.
Quantitation and analysis of product of RdRp reaction
One microliter of reaction product was spotted on GF/C ﬁlter
paper (Millipore) and dried. The ﬁlters were washed 5 times with
100 ml of 50 mM sodium pyrophosphate, 5% trichloroacetic acid
(TCA), and ﬁnally with 70% ethanol. The ﬁlters were air dried and the
incorporated counts were measured using a liquid scintillation
counter (LKB Rackbeta). For analysis of products on agarose gels,
the reaction mixture was extracted with Tri-Reagent and chloroform.
The RNA was precipitated with ethanol in the presence of 10 µg of
glycogen as a co-precipitant. The precipitate was dissolved in 20 µl of
nuclease-free water and 10 µl of the sample was mixed with loading
dye (50% glycerol, 0.25% w/v bromophenol blue, and 10 mM EDTA)
and subjected to 0.8% TBE-agarose gel electrophoresis. After electro-
phoresis, the gel was dried and exposed to phosphor-imager cassette
and analyzed by Fuji-ﬁlm LAS 9000 instrument.
Northern analysis
RdRp assay was carried out in the presence of all rNTPs at a
concentration of 1 mM. Reaction mixture was extracted with Tri-
Reagent and chloroform. The RNA was precipitated by the addition of
ethanol and dissolved in nuclease-free water. The reaction products
were resolved on formaldehyde–agarose gel and Northern analysis
was carried out as described by Sambrook and Russel (2001). The
reaction carried out with puriﬁed RdRp GDD-GAA mutant served as a
control. RNA was transferred to nylon membrane through capillary
action in the presence of 10× sodium chloride and sodium citrate
buffer, pH 7.0 (SSC). The blot was exposed to UV for cross linking and
blocked with hybridization buffer containing 2× SSC, 50% formamide,
1.3× Denhardt's reagent (5× Denhardt's reagent contains 1% bovine
serum albumin (BSA), 1% polyvinyl pyrrolidone (PVP), 1% Ficoll),
100 µg/ml salmon sperm DNA, 7% SDS and 0.1% Sodium N
Laurylsarcosine detergent at 65 °C for 3 h. The probe (1.5×106 cpm/
ml) was added to the hybridization buffer not containing Salmon
sperm DNA and the blot was allowed to hybridize at 68 °C for 14 h.
The blot was washed with 2× SSC, 1× SSC and 0.2× SSC containing
0.1% SDS at 65 °C. The blot was ﬁnally exposed to phosphor-imager
and analyzed by Fuji-ﬁlm LAS 9000 instrument.
Nuclease treatment of RdRp product
a) S1 Nuclease
To a 7 µl radio-labeled RdRp product, 2 µl of 5× S1 nuclease buffer
(200 mM sodium acetate (pH 4.5), 1.5 M NaCl and 10 mM ZnSO4) and
1 µl of S1 nuclease (100 U/µl) (MBI Fermentas) was added, and
incubated at 37 °C for 30 min. The reaction was stopped with 20 mM
EDTA and analyzed by 0.8% TBE-agarose gel electrophoresis.
b) RNase A digestion
Sensitivity of RdRp product to RNase A was tested by incubating
the reaction mixture (10 µl) with RNase A (0.1 mg/ml) in the
presence of 20 mM NaCl (low ionic strength) or 500 mM NaCl (high
ionic strength) at 37 °C for 20 min, and the products were analyzed by
0.8% TBE-agarose gel electrophoresis.
Generation of 3′ hydroxyl-blocked RNA templates
Subgenomic RNA in vitro transcript (10 µg) was incubated with
cordycepin 5′ triphosphate (an ATP analogue with deoxy group at
3′ position) (5 mM) (Sigma) and poly(A) polymerase (Ambion). The
reaction was carried out with 10 µg of RNA as described by the
manufacturer (Ambion). The RNA was extracted with Tri-Reagent,
chloroform and ethanol precipitated and dissolved in nuclease-free
291K. Govind, H.S. Savithri / Virology 401 (2010) 280–292water. The blocking of 3′ hydroxyl group was complete as no
incorporation of label was observed when the poly(A) polymerase
reaction was performed as described above with [α-32P]ATP and
cordycepin-blocked RNA.
NTP preference for de novo initiation and RdRp reaction with γ-32P NTPs
NTP preference for de novo initiation and product labeling with γ-
32PNTPswas carried out as described by Zhong et al. (2000). Preference
for individual NTPs to initiate the reaction was studied by limiting the
concentration of one of the nucleotides to 3 μMas shown schematically
in Fig. 5B. For the labeling of RdRp product with [γ-32P]NTP, standard
RdRp assay was carried out with 200 μM each of GTP, CTP, UTP
and 30 μCi of [γ-32P]ATP or ATP, CTP, UTP (200 μM each) and 30 μCi of
[γ-32P]GTP.
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